1. Ammonia and urea transport across the colonic mucosa was studied by a perfusion technique in four subjects with colonic exclusion for chronic hepatic encephalopathy.
Introduction
With a perfusion technique, in four patients with colonic exclusion, Castell & Moore (1971) demonstrated the relative roles of non-ionic and ionic transport in relation to ammonia absorption by the colon. However, in the same study colonic salt absorption was accompanied by secretion of water into the lumen. This does not happen in the normal colon, unless markedly hypertonic solutions are perfused (Billich & Levitan, 1969) , and might indicate that the surgical exclusion of these colons or the underlying pathology had produced an abnormal colonic mucosa with abnormal transport properties.
Subsequently we have shown in four subjects that the perfused excluded colon can absorb salt and water to the same extent as the perfused intact human colon, as reported by other workers using comparable experimental conditions (Bown, Sladen, Rousseau, Gibson, Clark & Dawson, 1972) . We have therefore assessed the findings of Castell & Moore (1971) in our four subjects.
In relation to the production of ammonia by the colon, Wolpert, Phillips & Summerskill (1971) demonstrated that the ammonia which appears in the lumen of the perfused intact colon may be increased by an intravenous, as opposed to intraluminal, infusion of urea. We have studied this phenomenon in the perfused excluded colon. This technique avoids the problems of reflux of perfusate 279 TABLE
Composition of solutions perfused
The solutions were all made from AnalaR grade reagents to give the nominal concentrations shown below in mmol/l. They also contained polyethylene glycol (3 gIl). NaOH (0'1 mmol/l) was added to solution 1 to give a final measured pH of9·0. Osmolality was measured before perfusion and the mean values are given below in mosmol/kg. into the ileum and colonic contamination with ileal fluid, both of which may invalidate results in the intact colon (Devroede & Phillips, 1969) .
Materials and methods
The four subjects had successfully undergone a colonic exclusion procedure with ileorectal anastomosis, between 6 months and 3 years before the present studies. The operations were performed for incapacitating hepatic encephalopathy associated with the previous creation of a porta-caval anastomosis for portal hypertension (McDermott, Victor & Point, 1962) . The subjects were aged between 51 and 71 years and gave fully informed consent to the experimental procedures. At the time of the studies the patients were not frankly encephalopathic, had been eating an unrestricted diet and were not taking neomycin or other antibiotics.
Perfusion technique
A full description and validation of the perfusion technique employed in these four subjects has been given in an earlier report (Bown et al., 1972) . Initially, the colon was cleansed of faecal material by saline washings and, after this, at least 24 h was allowed to elapse before test perfusions were commenced. The perfusions were generally performed in the morning, starting 2 h after the last meal. Unlimited clear fluids were allowed by mouth during the procedure in order to ensure adequate hydration. On a few occasions, a second perfusion study was performed in the late afternoon starting 2 h after a light lunch. No subject had more than two perfusion studies on anyone day and the colon was not rinsed with saline between perfusions.
Three isosmotic solutions (Table 1) containing 3 gIl of the non-absorbed marker polyethylene glycol were perfused antiperistaltically (because this produced a steadier flow of effluent) at 37°C at a constant flow rate of 10 ml/min. After 120 min three consecutive 10 min collections of effluent were taken for analysis. Previous experience had shown that equilibrium conditions were established after a period of 2 h, which was three to four times the mean transit time of the perfusate through the colon (Bown et al., 1972) . Before each perfusion started, and again at equilibrium, samples of peripheral venous blood were taken for analysis.
In some studies in all subjects ammonium chloride was added to these solutions to give final concentrations of 0·57 mmol/l or 5·7 mmol/l. At the higher concentration this ammonia was labelled with lsN (initial enrichment 87%) so that bidirectional movement of ammonia across the mucosa could be determined.
In other studies in all subjects urea was added to perfusion solution 2 (initial pH 7'6) to give a final concentration of 5·0 mmoljl. Solution 2 without urea was also perfused in each subject at least once during a continuous intravenous infusion of urea (loading dose 420 mmol, followed by 85 mmol/h in 150 mmol/l NaCl).
In a single subject the effect of an intravenous infusion of [lsN]ammonium chloride (87% enrichment) on colonic ammonia output was studied. After establishment of equilibrium perfusion conditions with solution 3 (initial pH 4'2), 18·7 mmol (1 g) [lsN]ammonium chloride was given as a bolus intravenously followed by 18·7 mmol/hin 150 mmol/l NaCI infusion for a further 90 min. Samples of arterial blood and colonic effiuent were taken before and during this infusion at regular intervals for analysis of ammonia concentration and lsN specific enrichment. The lower luminal pH used in this study was designed to inhibit ammonia absorption and so trap ammonia in the colonic lumen. This procedure had no adverse effects on the patient's mental state.
Analytical methods and calculations
In infused fluid and effiuent, polyethylene glycol was estimated turbidimetrically by the method of Hyden (1955) and the pH by a standard glass electrode (type 2320, Electronic Instruments Ltd, Richmond, Surrey). Osmolality of perfusates was measured by freezing-point depression with an Advanced Osmometer (Newton Highlands, Mass., U.S.A.). Ammonia in gut fluid and plasma was estimated by an Indophenol Blue colorimetric reaction after immediate separation on a resin ionexchange column and subsequent elution with sodium chloride (Fenton & Williams, 1968) . Abundance measurement of 15N in arterial plasma and colonic effiuent was performed on a high-resolution mass spectrometer according to the method of Haddon, Lukens & Crim (1973) . Plasma urea and comparable concentrations of urea in perfusate and effluent were measured by a diacetyl thiosemicarbazone procedure on an SMA 6/60 Technicon Autoanalyser. Low concentrations of urea in colonic effluent were estimated as ammonia after adjustment of the pH to 6'5 and enzymic hydrolysis with urease. All analyses of urea and ammonia were started within 30 min of collection.
Net transport of urea and ammonia was calculated by means of standard formulae (Levitan, Fordtran, Burrows & Ingelfinger, 1962) . The transport rates in each subject are the mean values obtained from the three collections in each study. Undirectional flux of [15N]ammonia from lumen to plasma was calculated by the formulae described by Soergel, Whalen & Harris (1968) . Subtraction of net ammonia transport from this value gave the reverse flux from plasma to lumen. For statistical purposes paired t-testing was used when appropriate.
The term 'ammonia' refers to the sum ofNH3 and NH 4 +.
Results

Effect of luminal pH 011 net and unidirectional transport of ammonia
The effect of reducing the pH of the perfusion fluid on net ammonia absorption from the two different input ammonia concentrations is shown in Table  2 . At an initial ammonia concentration of 0·57 mrnol/I, net secretion of ammonia into the lumen, instead of absorption, was observed in subjects 1, 2 and 3, and in subject 4 absorption was greatly reduced during perfusions with the acid solution. A statistically significant (P < 0·05) reduction of ammonia absorption was also seen at the lowest pH when 5·7 mmoljl ammonia solutions were perfused. There was no significant difference between ammonia absorption rates from solutions at initial pH 7·6 and 9·0. This is perhaps related to the finding that the mean effluent pH was similar during perfusions with these two solutions ( Table 2) . The bidirectional flux rates of ammonia are shown in Table 3 . In subjects 1, 2 and 4, the change in net transport of ammonia was associated with closely comparable changes in the total flux of ammonia from lumen to plasma, whereas the reverse flux was little affected by large pH changes. At the highest pH in subject 3, the flux in both directions was much greater than that at lower pH. It is possible that this inconsistent observation was the result of an analytical error, but it was not possible to repeat the study in this patient.
Ammonia excretion by the colon and the effect on this of added urea
During perfusions of nitrogen-free solutions at pH 7·6 the mean effluent concentration of ammonia in the four subjects was 0·23 mmol/l (range 0'11-0'36) compared with a mean peripheral venous plasma concentration of 0·083 mmol/l (range 0·027-0·151). Ammonia output rates into the effluent are shown in the first column of Table 4 . During perfusions with solution 3 (initial pH 4,2) somewhat higher outputs were obtained: mean 0·120 mmol/h (range 0,097-0'144), and this differencewas statistically significant (P < 0'05). Neither perfusion of urea through the lumen (5,0 mmol/l) nor an approximately fourfold increase in blood urea (data in Table 5 ) caused a marked increase in ammonia output, except in subject 1. In this subject, during his first study, both intravenous and luminal urea increased ammonia output, but neither observation was confirmed when the studies were repeated 6 months later. In spite of this increase in one subject on one occasion, there was no significant overall difference in ammonia output for the four subjects during an increase of either perfusate or plasma urea concentration (P> 0'1).
Ammonia transport from plasma to lumen
The effects of the intravenous infusion of [1SN]_ ammonium chloride on 1 sN specificenrichment and ammonia concentration of arterial plasma and colonic effluent are shown for subject 4 in Fig. 1 and Fig. 2 .
At the beginning of the experiment, during equilibrium perfusion conditions with solution 3 (initial pH 4,2), there was a gradient of ammonia concentration between effluent and arterial plasma of 2'3: 1 (mean value derived from three 10 min effluent samples). After the intravenous infusion of [1SN]_ ammonium chloride was started there was an initial rapid rise of arterial ammonia concentration, but within 30 min the ammonia concentration in colonic effluentwas again greater than that in arterial plasma and remained so for the rest of the study. At 90 min the ammonia concentration gradient between
The present results confirm the observations of Castell & Moore (1971) that luminal acidification impairs net ammonia absorption from the colonic lumen. At an initial luminal ammonia concentration of 0·57 mmol/l net ammonia secretion into the colonic lumen occurred in three of the four subjects at the lowest pH studied (initial pH 4'2) in spite of an appreciable adverse concentration gradient between luminal contents and systemic venous blood. At higher luminal concentrations, approaching those found in normal faeces, there was marked impairment of absorption but absorption still took place even at the lowest pH studied.
There has been debate about the major mechanism of ammonia transport across the gut mucosa. In some experimental situations a definite effect of pH has not been observed, e.g. human jejunum (Kettering & Summerskill, 1967) and hamster ileum (Mossberg, 1967) , and specialized transfer mechanisms have been postulated. Most evidence relating to the
Transport of urea across the colonic mucosa
In Table 5 are shown the effluent concentrations and outputs of urea in relation to plasma urea concentration under three different perfusion conditions. Under basal conditions, when the nitrogenfree solution at pH 7·6 was perfused, a mean effluent urea concentration of 0·08 mmol/l and urea output of 0·038 mmol/h were observed. Intravenous infusion of urea, sufficient to raise the mean plasma urea concentration from 3·5 to 15·2 mmol/l, produced an increase of mean effluent urea concentration to 0·28 mmol/l and output to 0·12 mmol/h. This rise in urea output was not strictly proportional to the rise in plasma urea concentration and the mean plasma clearance of urea fell from 12·5 ml/h in the control studies to 8·1 ml/h during urea infusion. This difference was not statistically significant (P > 0'1).
Urea disappeared from a 5·0 mmol/l urea solution to a limited extent (mean value 0·228 mmol/h). In spite of this the effluent urea concentration rose to a mean value of 5·41 mmol/l, although the mean plasma urea concentration was 3·67 mmol/I. This must indicate concomitant water absorption and limited mucosal permeability to urea. min the specific enrichments of arterial plasma and colonic effluent were virtually identical.
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'" effluent and arterial plasma was 1'7: 1, in spite of a more than threefold increase in the plasma concentration.
The human colon has, however, shown pH effects compatible with the view that passive non-ionic diffusion is the major transport mechanism (Price, Sawada & Voorhees, 1970) . During perfusion of solutions containing initially 5'7 mmol/l ammonia at pH 4'2, the ammonia gradient across the mucosa would be theoretically abolished assuming a pK. for NH 3 -NH4 + of 9·1. The total ammonia gradient from lumen to blood of approximately 100: 1 would be offset by a pH gradient of more than two units. It would be an over-simplification to assume that these gradients occurred in parallel across the mucosal layer. Incomplete mixing of luminal contents would allow gradients of pH and ammonia concentration to develop across the lumen. Conditions in the unstirred layer near the mucosa could be relatively more favourable for absorption of ammonia than those in the centre. Nevertheless, the fact that ammonia absorption occurred in these conditions is at least compatible with the possibility that there was ionic transport of NH4 + down a large concentration gradient. Castell & Moore (1971) also concluded that the mucosa had a finite permeability to NH4 +. It is possible to apply their calculation to the present data and similarly to show that the colonic mucosa is approximately four to five times more permeable to ammonia than to NH4 +. The bidirectional fluxstudies demonstrated the even greater total movement of ammonia from lumen to plasma, compared with net absorption, and showed that this flux was specifically inhibited by acidification. It was expected that an increased flux of ammonia from plasma to lumen would be demonstrated at the lowest pH. This was not observed, perhaps because the prevailing concentration gradients favoured massive ionic transport of ammonia in the opposite direction, as would occur in vivo. With nitrogen-free solutions the output of ammonia during perfusions with solution 3 (initial pH 4'2) was somewhat greater than that during perfusions with solution 2 (initial pH 7,6).
It is difficult to explain why these present results are in such close agreement with those of Castell & Moore (1971) whereas the previous results relating to water and sodium transport were so different (Bown et al., 1972) . There are methodological differences between the two studies as discussed in our previous paper. Castell & Moore (1971) used a slightly hypertonic perfusion solution (300 mosmol/ kg) whereas our solutions were more closely isotonic with plasma. However, BiIIich & Levitan (1969) have shown that the human colon can absorb water from hypertonic NaCl solutions against a lumen-to-blood osmotic gradient of 50 mosmol/kg. Salt and water absorption from isotonic solution depends on active mucosal transport whereas ammonia transport is a passive process. It is possible that, in the studies of Castell & Moore (1971) , there were relatively subtle disturbances of active mucosal function, which did not appreciably interfere with mucosal permeability to ammonia.
The bidirectional flux studies indicate that ammonia either enters the lumen from plasma or is generated within the lumen from urea or other sources. This is confirmed by the appearance of ammonia in the lumen during perfusion of nitrogenfree solutions. In relation to urea as a possible source of colonic ammonia in these studies, perfusion of urea through the lumen did not greatly affect the colonic output of ammonia except in the first study on subject 1 (Table 4 ). It seemed possible that the colon of this subject had not been adequately cleansed of faecal material before this study, because this could have accounted for the high output of ammonia in response to luminal (and intravenous) urea. However, bacteriological investigations on the effluent obtained from this subject on both occasions failed to show any qualitative or quantitative differences (Vince, Bown, O'Grady & Dawson, 1973) . We have no adequate explanation for this discrepant observation. When nitrogen-free solutions were perfused only small amounts of urea entered the effluent. These observations are in broad agreement with those of Wolpert et al. (1971) , who perfused the intact human colon, although some quantitative differences will be discussed below. Billich & Levitan (1969) studied the movement of water into the human colonic lumen in response to hypertonic urea and mannitol perfusions and also concluded that the colonic mucosa is relatively impermeable to urea, when compared with that of the human small intestine. In the present experimental situation it seems likely therefore that luminal ureolysis was negligible. The lack of effect of increasing plasma urea on colonic output of ammonia in all but one of the studies also suggests that plasma urea was not a quantitatively important direct source of effluent ammonia in the present studies, in contrast to the very different findings of Wolpert et al. (1971) .
In the intact human colon, Wolpert et af. (1971) observed that intravenous but not luminal urea markedly increased the colonic output of ammonia and they interpreted this as evidence of 'juxta-mucosal' urea breakdown. This was not seen in any of the subjects of the present study. Even in the first study on subject 1 both intravenous and luminal urea produced marked increases in ammonia output, luminal urea having the greater effect. In the second study on this subject, and in the studies on other subjects, ammonia output was little affected by added urea via either route. Our discrepant findings may be directly related to the exclusion of the colon or to other differences between our patients and their normal subjects, but it must be remembered that the excluded colons appear to function normally in other aspects. However, it is possible that the difference could be explained on the basis of contamination of the perfused colon by ileal contents in the normal subjects. The small gut is relatively permeable to urea, so that an intravenous urea infusion would lead to an increase in small bowel urea concentrations. Bacterial ureolysis within the small bowel could then lead to an increased ileal concentration of ammonia, which could account for the increased colonic output of ammonia in their experiments. Allowing a maximum contamination rate of 1 ml/min (Devroede & Phillips, 1969) , the ammonia concentration in this fluid would have to increase by an amount greater than 2'0 mrnol/l to account for the observed increase in colonic output of ammonia. The ammonia concentration of this ileal fluid was not published, but in ileostomy fluid values of up to 8·5 mmol/l have been observed by us (unpublished observations).
Another quantitative difference between these two studies could be explicable on a similar basis. Comparison of the present rates of urea output from the colon (Table 5) with those of Wolpert et al. (1971) suggests that the intact colonic mucosa is much more permeable to urea than that of the excluded colon. However, contamination of the colon at 1 ml/min by ileal fluid containing 7-10 mmol/l urea could theoretically account for the relatively high 'secretion' rate of urea by the intact colon and, moreover, such concentrations of urea are sometimes observed in ileostomy effluent in otherwise healthy subjects (present authors' unpublished observations). It would seem possible to refute these technical criticisms only by knowing the ammonia and urea concentrations in fluid aspirated from the ileum during colon perfusion studies in normal subjects.
Although colonic ureolysis has not been demonstrated in the present study, the output of ammonia by the excluded colon was closely comparable in amount with that observed in the intact colon during perfusion of nitrogen-free solutions (Wolpert et al., 1971) . The source of this ammonia could be either diffusion from plasma or the breakdown of non-urea nitrogenous substances. In the single study reported, the very rapid appearance of ammonia in colonic effluent after intravenous infusion of (lsN]ammonium chloride, and its rapid labelling to a specific enrichment comparable with that in the plasma, suggests that luminal ammonia was derived mainly from plasma ammonia and not produced locally. I( effluent ammonia is derived by diffusion from plasma, it is noteworthy that its concentration was always greater in the effluent than in the peripheral plasma and, on average, the ratio of these concentrations was almost 3: 1, even in the absence of a pH gradient. It seems most likely that these gradients result from the diffusion of NH...+ down an electrical gradient, because the colonic mucosa is polarized, the serosa being electropositive. In our earlier studies, electrical gradients of 10-40 mY were observed (Bown et aI., 1972) and would be sufficient to account for concentration ratios of diffusible cations of this magnitude. On the basis of similar observations, Wolpert, Phillips & Summerskill (1970) also concluded that ammonia equilibrated across the mucosa of the intact colon by ionic diffusion in the absence of a pH gradient.
In conclusion, the present studies support other observations that both ammonia and NH...+ diffuse across the colonic mucosa down electrochemical gradients and that the mucosa is considerably more permeable to ammonia than to NH ...+. There is no evidence to suggest that special transport mechanisms exist. Neither luminal nor juxtamucosal ureolysis have been demonstrated in the excluded human colon and, if the observations of Wolpert et al. (1971) are not attributable to ileal contamination, then these two studies taken together would suggest that exclusion of the colon abolishes juxtamucosal conversion of urea into ammonia. This may be relevant to the way in which this operation can benefit patients with chronic hepatic encephalopathy.
